Four different cylindrical nanowire systems (nickel, cobalt, Co 23 Cu 77 , and multisegmented Co 58 Ni 42 /Co 83 Ni 17 nanowires) with single-crystal-like properties were characterized by transmission electron microscopy and selected-area electron diffraction (SAED) under different tilting angles. Although these nanowires have different chemical compositions, crystalline structures and/or diameters, they exhibit similar behaviors, which are unexpected for ideal single-crystals. All the samples presented SAED patterns that did not experience changes from one zone axis to another when the nanowire was tilted in a wide range of angles, exhibiting related apparent interplanar distances that are dependent on the nanowire inclination, yielding deformed patterns that can be unrecognizable. Moreover, face-centered cubic nanowires presented classically forbidden reflections. These behaviors were explained by considering the characteristics of the measurement technique and the confined template-assisted growth, which force the atoms to be accommodated in a cylindrical volume with nanoscale dimensions, yielding the frustrated formation of stable facets and right angles in the nanowire radial directions, together with the formation of stacking faults.
Introduction
The controlled growth and manipulation of matter to form 1D nanostructures have opened exciting and challenging opportunities to investigate fundamental scientic questions and to explore their potential in novel technological applications.
1 Specically, these nanomaterials can be used in different nanoelectronic devices such as eld-effect transistors, 2,3 sensors, 4 logic gates, 5 decoders, 6 and light-emitting diodes, 7,8 among many others. Moreover, nanostructured magnetic materials with tailored anisotropies have recently attracted the attention of many researchers due to their different magnetic, magnetomechanical, electro-optical, magneto-transport, magnetocaloric, and magnetothermopower properties. [9] [10] [11] In fact, under strong competition between shape and magnetocrystalline anisotropies, cylindrical nanowires can exhibit magnetic vortex domains at remanence, with promising potential for several technological applications.
12-14
A large variety of techniques for the synthesis of nanomaterials have been reported to date; [15] [16] [17] [18] [19] however, since most of these materials tend to crystallize with isotropic growth habits, few of these techniques allow the preparation of nanostructures with controlled anisotropic shapes. 20 In several of these techniques, the pores of mesoporous templates are exploited as preferential growth sites to produce conned growth of lowdimensional materials. [21] [22] [23] [24] In this regard, the use of the hexagonally ordered cylindrical channels of porous anodic alumina membranes (PAAM) has been widely developed as a patterned template for obtaining self-ordered arrangements of nanowires (NWs) with cylindrical morphologies, [25] [26] [27] [28] [29] [30] whose optic, electric, and magnetic properties have been actively studied during recent years.
31,32
Herein, the 1D shape of the nano-entity was directly adapted to the pore dimension of the PAAM templates using electrodeposition techniques. Because of the possibilities for achieving high porosities and pore aspect ratios, the use of PAAMs exhibit many advantages as compared to other template-assisted growing techniques. The use of PAAMs is one of the most favorable and lowcost techniques for achieving precise lengths, interdistances and diameters for the nanowires in the arrangement. 33 Several studies are systematically focused on different electrochemical deposition methods and ideal parameters for growing magnetic nanowires embedded in PAAMs, where it is well-described that the crystalline orientation can be properly tuned by employing several electrochemical deposition conditions such as potentiostatic, galvanostatic and/or pulsed electrodeposition methods. Furthermore, the pH and temperature of the electrolyte or even an external magnetic eld applied during deposition have been proven to exert a strong inuence on the crystalline properties of the deposits. 24, [34] [35] [36] [37] [38] Moreover, hydrogen evolution plays an important role in the electrochemistry of aqueous-based electrolytes and is very sensitive to the current density as well as the pH value of the electrolyte, which is critical with more acidic electrolytes. 24 In our case, the pH value of the electrolyte was adjusted to 4 and therefore no strong hydrogen evolution was observed during electrodeposition.
Pulsed electrodeposition (PED) is a particularly powerful technique for improving the uniform growth of nanowires, avoiding the formation of large and randomly oriented crystallites. 39 In fact, the formation of single-crystal phase nanowires and nanotubes under certain conditions of synthesis has been reported by several research teams, 12, 40, 41 and the crystalline properties have been determined by local studies using selected-area electron diffraction (SAED) and, in the case of NWs with diameters smaller than 50 nm, high resolution transmission electron microscopy (HRTEM) techniques were employed.
12,42 These characterization methods have the great advantage to perform local analyses that allow the study of a selected area of an individual NW. However, to obtain information about the crystalline properties of the total NW and to determine whether it is actually a single crystal, these studies should be carried out not only in a local region of the NW or along the long axis of the NW, as is usually reported in the literature, but also by rotating the nanowire and analyzing it from different tilt angles, and even performing these studies viewing the NW on its top end. Note that the precise determination of the crystalline properties of NWs and the identica-tion of the presence of crystal defects are crucial issues because several interesting properties and related phenomena, which include tailored so or hard magnetic responses, 43 magnetic barcode nanowires 44, 45 and the occurrence of magnetic vortex states, 12, 46, 47 exhibited by cylindrical magnetic nanowires have been explained by the competition or cooperation between the magnetocrystalline and shape anisotropies of each nanowire in the array, usually assuming a perfect monocrystalline structure for the cylindrical nanowires. On the other hand, the inuence of the spatial connement and low dimensional effects on the microstructural and physical properties of the NWs due to the cylindrical morphology of these patterned growth nanosystems remain rather unexplored.
In the present study, arrays of uniform NWs of nickel, cobalt, Co 23 Cu 77 alloy, and also multisegmented Co 58 Ni 42 /Co 83 Ni 17 alloyed nanowires, with 40-200 nm in diameter, were connedly grown by electrodeposition into the cylindrical pores of mild-or hard-anodic nanoporous alumina membranes under potentiostatic conditions. Moreover, to carry out a proper characterization of their morphologies, preferential crystal growth directions, microstructures, and electron scattering properties, different analytical techniques related to transmission electron microscopy were used and the measurements were performed at different tilting angles of single isolated NWs aer releasing them from the PAAM template. All the samples studied herein exhibit unexpected behaviors for ideal single crystalline phases. Hexagonally centered self-ordered nanoporous anodic alumina templates were synthesized by a hard anodization (HA) singlestep process starting from high-purity aluminium foils (Al 99.999% Goodfellow), previously cleaned, degreased, and placed into a home-made anodization cell for electropolishing to a mirror-like nish, as explained elsewhere. 33 The anodization process was performed at 0-3 C in a 0.3 M oxalic acid electrolyte containing 5 vol% of ethanol as the anti-freezing agent and mechanically stirred at 300 rpm during the entire anodization process. The complete HA protocol consisted of a pre-anodization step performed under mild anodization (MA) conditions at 80 V versus a Pt counter electrode for 15 min, during which randomly disordered nanopores grew on the topsurface of the alumina layer; a transitory voltage ramp was increased at the sweep rate of 0.08 V s À1 from the MA to HA regime for some of the initial random pores grown in the top alumina layer to become branched or converge into larger pores that were selectively ordered and aligned in parallel, whereas other pores remained occluded; [48] [49] [50] and nally, a potentiostatic HA step was performed at 140 V for 1.5 h, forming the hexagonally centered and periodically ordered pore arrangement of the alumina template, for some of the initial random pores grown in the top alumina layer to branch or converge into larger pores that were selectively ordered and aligned in parallel, whereas other pores remained occluded (Fig. 1a) . 26, [48] [49] [50] Aer the HA process, the remaining unoxidized Al substrate was removed by selective wet chemical etching in a CuCl 2 /HCl aqueous solution, and the alumina barrier layer at the bottom of the pores was etched by immersing the nanoporous membranes in 5 wt% H 3 PO 4 at 30 C for 2.5 h. This immersion process gives rise to a porous alumina membrane with pores fully open at both sides, also increasing the pore size of the membrane and dissolving the protective mild anodization layer on the top-surface of the HA membranes. The morphological structure of the nanoporous anodic alumina membrane, resulting from the previously explained single-step HA procedure, is shown in Fig. 1a , with a mean pore diameter of around of 180 nm, interpore distance of 305 nm, and having a length of hundreds of microns. The alumina membranes were coated with a SiO 2 conformal layer of 10 nm in thickness, deposited by the atomic layer deposition (ALD) technique, prior to the template-assisted electrochemical deposition process of the magnetic nanowires inside the nanopores of the alumina template to protect them against corrosion. This technique was carried out at 150 C with aminopropyltriethoxysilane (100 C), water (RT), and ozone (RT) that were employed as precursors and oxidizing agent, respectively. 51 The pores bottom at the back side of the HA alumina templates was coated via Au sputtering and further electrodeposition of a continuous gold layer at the back side, together with Au sputtering and further electrodeposition of a continuous gold layer from a commercial plating electrolytic bath (Orosene 999), forming a thick conductive Au layer and growing nanocontacts that served as the working electrode in the subsequent electrodeposition process. Pure Ni and Co, together with multisegmented Co-Ni alloy magnetic nanowires, were electrochemically grown inside the nanopores of the HA alumina templates from Watts-type electrolytes containing CoSO 4 , CoCl 2 , NiSO 4 , NiCl 2 , and boric acid in the concentrations shown in Table 1 , with the pH value adjusted to 4-4.2 in all the cases by adding 1 M NaOH.
Taking into account that the standard reduction potentials of Co and Ni elements are very close to each other, it can be considered that both elements would be deposited at the same ratio under a certain applied electrodeposition potential. This would mean that the composition of the electrodeposited material would be directly related to the acidic solution in the electrochemical bath and thus the composition of the electrodeposit could only be changed by varying the concentration of the starting electrolyte. However, anomalous electroplating behavior appeared in Co-Ni-based electrolytes, resulting in the preferential co-deposition of Co atoms at the less negative values of the deposition potential. [52] [53] [54] [55] [56] [57] This condition offers the possibility of modifying the composition of Co-Ni alloy nanowires from a single electrochemical bath by directly tuning the deposition potential. 29, 49 In fact, this is the key point that allows the synthesis of compositionally modulated multilayered or multi-segmented Co-Ni binary alloy nanomaterials. Fig. 1b depicts a typical SEM image showing a cross-section of the Co nanowire array grown inside the nanopores of the alumina template.
Synthesis of Co 73 Cu 27 nanowires by template-assisted electrodeposition in PAAMs
Co-Cu nanowires were potentiostatically electrodeposited into the pores of mildly anodized (MA) nanoporous alumina membranes used as templates, which were prepared by following a quite different two-step anodization method, The electrodeposition was carried out over 10 min to obtain high aspect ratio nanowire arrays with length of about tens of mm. 43 
Free-standing isolated nanowires released from the alumina templates
The gold layer at the bottom of both MA and HA alumina templates was removed by wet chemical etching in 0.6 M KI and 0.1 M I 2 aqueous solution, whereas diluted HF was employed to remove the SiO 2 protective coating covering the empty parts of both types of PAAM templates. Aer this, the nanowires were released from the alumina membrane by dissolving it in a mixture of H 3 PO 4 (6 wt%) and CrO 3 (1.8 wt%) at 45 C for 48 h.
The free-standing SiO 2 -coated magnetic nanowires, covered with gold caps at both ends, were then ltered and suspended in absolute ethanol solvent.
Characterization techniques
For the purpose of transmission electron microscopy (TEM) characterizations, the free-standing isolated nanowires obtained aer their release from the patterned alumina template were dispersed in an ethanol-water (1 : 1, v/v) solution under ultrasonication for 20 min at RT. Then, a drop of the suspension was deposited onto a copper grid with a lacey carbon coating, which was dried for 30 min under ambient conditions for evaporating the solvent. TEM measurements, which basically included four modes, conventional TEM (CTEM), diffraction contrast (bright eld and dark eld), phase contrast (high resolution), and electron diffraction (SAED), were carried out using a eld emission FEI TITAN 80-300 kV microscope operated at the accelerating voltage of 300 kV. TEM images and electron diffraction patterns (SAED) were obtained using a Gatan CCD digital camera with 1024 Â 1024 pixels and resolution of 1k. The optical conditions of the microscope were as follows: spherical aberration Cs ¼ 1.25 mm, 1 A limit, pointpoint resolution of 1.4 A, a ¼ 8.4 mrad. X-ray spectra were synchronously obtained using scanning transmission electron microscopy (STEM) imaging, producing scan lines, areas (chemical mapping), and specic chemical analysis. The optical conditions at which the STEM images were obtained were as follows: STEM-EDS nanoProbe operated at 300 kV, extraction voltage 4500 V, gun lens 3, spot size 6, and C2 ¼ 70 mm. The operating conditions for acquiring the diffraction patterns were as follows: magnication ¼ 130kÂ, aperture of selected area ¼ 10, camera length D ¼ 245 mm, spot size ¼ 3, and gun lens ¼ 3.
To obtain SAED patterns with different orientations of the single isolated NWs, the (double-tilt) holder was tilted in both X and Y axes with resulting rotation angles referred to as a and b, respectively (see To investigate the microstructural properties at the top end of the NWs and corroborate their cylindrical shape, the NWs were embedded in a polymeric resin. Prior to microtome, the sample was prepared to form a pyramidal edge. Then, cuts were immediately made using a cryo-microtome Leica ultracut UCT, where the sample was frozen at liquid nitrogen temperatures to obtain ultrathin cuts in cross-section (thickness of about 50 nm) using a diamond knife. Each of the cuts (sliced) was deposited on a Cu mesh with a diameter of 3 mm. The experimental conditions used during the cuts in the cryo-chamber were as follows: temperature of the holder cantilever arm T arm ¼ À120 C, knife temperature T knife ¼ À35 C, and temperature used to perform the slices T slice ¼ À120 C.
Results and discussion

Microstructural studies of nickel NWs
TEM studies revealed that two families of NWs could be distinguished in the Ni sample. One family was composed of polycrystalline NWs. Fig. 1S of the ESI † shows typical TEM images and a SAED pattern of one of these NWs. The complex inner microstructure, with randomly oriented nanocrystals, was clearly distinguished in CTEM and bright-and dark-eld images ( Fig. 1Sa -c of the ESI †). Moreover, the polycrystalline nature of these NWs was clearly revealed by SAED patterns measured at different NW sections (Fig. 1Sd of the ESI †), which present spotty rings ascribed to the (111), (200), and (220) reections of the face-centered cubic phase of metallic nickel (JCPDS card no. 01-1260, space group Fm3m). The second family of ferromagnetic nanowires exhibited single-crystalline-like SAED patterns. Fig. 2a and b show a bright-eld TEM image of one of these nanowires and the corresponding SAED pattern, respectively. The dark-eld TEM images of the same NW obtained using different reections (Fig. 2c-g ) exhibited parallel stripes, indicating the presence of stacking-faults and defects. However, the SAED pattern (Fig. 2b ) displayed well-dened diffraction spots that were indexed to the [111] zone axis of the metallic fcc nickel, with the h 101i direction along the long axis of the nanowire. Additionally, spots associated with 1/3{ 24 2} and 2/3{ 24 2} forbidden reections were also observed (Fig. 2b) .
The occurrence of forbidden reections in nanostructured materials has been ascribed to the presence of different types of crystal defects such as dislocations, 58 parallel twinning planes and (111) stacking faults, 59 and/or to the low dimensionality of these materials (when they are constituted by only a reduced number of cell units) and the physical principles on which the SAED measurements are based. 60 In this context, to explain the appearance of these reections in the SAED patterns, it is very useful to introduce the concept of the Ewald sphere, which is the sphere constructed in the reciprocal space-centered in the origin of the reciprocal lattice and with radius of 1/l, where l is the wavelength of the incident radiation. The Bragg's condition is strictly satised when the surface of this sphere intersects with a reciprocal lattice point. 61 However, the kinematical theory of electron diffraction predicts that in very thin crystals with few unit cells in their thickness, some diffraction signal can be detected from the reciprocal lattice points located in the proximity of the Ewald sphere instead of the Bragg condition not being exactly satised.
61
This relaxation of the diffraction condition is manifested in the reciprocal space as an elongation of the reciprocal lattice points, whose length is inversely proportional to the crystal thickness, where their axes lie along the direction in which the specimen is more reduced. Therefore, some of these elongated points can be touched by the Ewald sphere surface even when the Bragg condition is not exactly satised. 60, 61 In this fashion, reections of the rst-order Laue zone (FOLZ) can be projected onto the zero-order Laue zone (ZOLZ) parallel to the direction in which the specimen is shortened, and they can appear in the diffraction patterns as forbidden spots. 60 Note that the presence of (111) stacking faults in the fcc structures produce the elongation of the reciprocal lattice points along the [111] direction; therefore, these crystal defects favor the appearance of forbidden reections in certain zone axes. In concrete, these reections are observed as 1/3{224} and 2/3{224} reections in the [111] zone axis, and 1/2{113} reections in the [211] zone axis for fcc crystalline phase nanostructured materials.
60,62,63
In our case, the observation of forbidden reections cannot be only attributed to nite-sized effects because the Ni nanowires studied herein are not particularly thin (they have diameters of around 200 nm). Therefore, we attributed the observation of 1/3 { 24 2} and 2/3{ 24 2} forbidden reections to a rather imperfect crystalline structure, with high density of {111} stacking faults and the formation of parallel twins. To observe these crystalline defects that originated from the forbidden reections in the [111] axis zone by TEM, the electron beam has to be oriented in the h110i direction, 63, 64 which is the direction of nanowire growth in our case.
To corroborate the abovementioned hypothesis, TEM analysis was carried out viewing the NWs along the h110i direction. For this purpose, free-standing single Ni NWs were embedded into a polymeric resin and were sliced using an ultramicrotome to investigate the microstructure on the top end of the Ni NWs. Fig. 3a shows the TEM image of the top end of a single Ni nanowire sectioned using an ultramicrotome.
The rather circular shape of this section corroborates the cylindrical morphology of the NWs in contrast to the faceted morphology observed in single-crystal NWs obtained by template-free synthesis, 65 having a diameter of around 200 nm and a surface layer of SiO 2 with a thickness of around 2 nm. The SAED pattern of this section (Fig. 3b) displays bright diffraction streaks centered in positions ascribed to the zone axis [110] (highlighted with orange dots), indicating that the nanowire is not a perfect single crystal: the appearance of streaks provides evidence for the presence of stacking faults. Fig. 3c and d depict HRTEM images of the sectioned NW displayed in Fig. 3a . In these images, a dense distribution of stacking faults is clearly observed, as was expected, which is in agreement with the abovementioned discussion. These crystal defects were probably produced by the characteristics of the material growth through the electrodeposition technique and the transverse microstresses originating from the conned growth of the NWs in the cylindrical pores of the alumina membrane, therefore forcing the nanowires to crystallize in the cylindrical geometry of the membrane pores. The natural formation of crystal facets became frustrated, and the rates of crystal growth for different crystal directions were disturbed and governed by the conne-ment in the cylindrical-shaped nanopores of the alumina template. Consequently, the {111} stacking faults and oriented distortions of the NW crystalline lattice were observed. Another astonishing feature of the SAED patterns of the second family of Ni nanowires is that they changed very little with the variation of the sample tilt angles, a (Fig. 4) or b (Fig. 5) , and in contrast to bulk crystals, patterns of different zone axes were not observed as the a or b tilt was varied. In this manner, the angles between the diffraction spots with respect to the pattern center almost do not change with the variation of the tilt angle a from À25 to +25 and xing b ¼ 0 (Fig. 4) , or the variation of the tilt angle b from À25 up to +25 and xing a ¼ 0 (Fig. 5) . However, in both the cases, the distance of the diffraction spots to the pattern center varied as the sample was tilted, displaying different tendencies for different spots. The calculated d-spacing values were considerably different than expected, with variations up to 14%, as shown in Fig. 6 . These variations lead to deformed patterns at certain tilt angles that can be unrecognizable for a fcc nickel single-crystal. These facts could be explained by invoking strong oriented deformations in the nanowire crystal lattice; however, it is not the only reason allowing the observation of the dependence of the apparent d-spacing of the same crystalline planes with the sample tilt angles. In fact, these dependencies can be partly attributed to the peculiarities of the characterization technique itself, which are usually not considered in the study of the microcrystalline properties of single-crystalline nanomaterials. In this respect, Malm and O'Keefe 66 demonstrated, using simulated HRTEM images of a perfect nanocrystal, that the lattice spacing directly measured from HRTEM images can deviate from the real values when the sample is tilted away from a zone-axis (up to 10%). This effect has been experimentally observed in the HRTEM images of silicon nanowires. 67 Therefore, the viewing direction has to be accurately determined and considered in the analysis of the HRTEM images to correctly estimate the lattice spacing values, 66 which is more complex than the estimation of d-spacings from the experimental HRTEM images measured when a single-crystal is not observed along an axis zone. In agreement with these facts and given the relationship between real and reciprocal spaces, variations in the distance of the diffraction spots to the center of the pattern when the sample is tilted away from a zone-axis should be expected, and a distorted SAED pattern with respect to the pattern measured in the initial zone-axis is observed. The nanowire growth by electrodeposition inside the nanopores of the alumina template is limited by diffusive mass transport and subjected to the restrictions of the pore size and geometry, in contrast to free-templated nanowires. 68 The results of the second family of Ni NWs studied herein suggest that Ni NWs tend to grow with (111) surfaces in the radial directions, which are the surfaces that exhibit the lowest surface energy for the fcc metals; 69 however, the crystal growth conned within the cylindrical volume of the PAAM channels could yield the frustrated formation of stable facets and right angles in these directions and (111) stacking faults occur. Therefore, the NWs were not viewed along a crystallographic direction when they were tilted from the [111] zone axis in large tilting angle ranges (we explored ranges from À25 to +25 for a and b).
This fact was also corroborated aer observing the Kikuchi lines by increasing the intensity of the electron beam. In the explored tilt angle ranges, the incident electron beam did not reach the points at which the Kikuchi lines converged, which were associated with zone axes. 70 On the other hand, the points of the reciprocal lattice space were rather elongated due to the occurrence of stacking faults and can intercept the Ewald sphere even at large angles away from a zone axis. This fact led to diffraction spots in the SAED patterns, with unusual dependences on the abovementioned tilting angles.
Microstructural studies of cobalt NWs
Cobalt NWs displayed SAED patterns with pseudomonocrystalline properties very similar to those observed in the second family of Ni NWs. Fig. 7a -e show the SAED patterns obtained for a single cobalt NW (whose TEM image is presented in Fig. 7f ) at different a tilt angles with b ¼ 0 . Interestingly, the SAED pattern measured at a ¼ 0 and b ¼ 0 displayed a similar diffraction pattern to that of the pseudo-monocrystalline Ni NWs that can be indexed to the [111] zone axis of the fcc metallic cobalt, but with the h 12 1i direction roughly along the long axis of the nanowire. In addition, the same 1/3{224} and 2/ 3{224} forbidden reections were observed. Although the stable phase for bulk Co is only hexagonal close packed (hcp) at room temperature, several investigations have shown that the structure and crystallinity of the Co NWs grown on aluminium oxide templates by electrodeposition techniques strongly depend on the experimental conditions of the electrodeposition and the characteristics of the template membrane (pulsed or potentiostatic modes, pulse frequency, pore diameter, etc.), making the crystallization of fcc Co NWs 71 or mixtures of fcc and hcp phases 72 possible, as in our case. The observation of forbidden reections indicates the presence of (111) stacking faults along the transverse directions of the Co NWs, and these crystalline defects could also promote the crystallization of the fcc phase. Moreover, in a manner similar to that of the pseudo-monocrystalline Ni NWs, the SAED patterns of Co NWs changed very little with the variation of the sample tilt (see Fig. 7 and 8) , and the distance of the diffraction spots to the pattern center varied with different tendencies. This led to apparent d-spacing values that were moving away from the expected (or real) values for a fcc Co structure, according to the increase in the tilt angle of the incident electron beam with respect to the [111] zone axis (see Fig. 9 ). These facts indicate that the similar crystal defects found in the pseudomonocrystalline Ni NWs are also present in the Co NWs. Both NW systems studied in the previous sections exhibited fcc structures with stacking faults and inhibited crystallographic directions and planes that have been tentatively ascribed to spatial conned effects. To perform a similar study on the crystalline properties of cylindrical NWs having other crystalline structures, we synthesized and characterized multisegmented Co 58 Ni 42 /Co 83 Ni 17 NWs, whose segments crystallized with a hcp phase and monocrystalline-like properties, in agreement with preliminary studies.
28 Fig. 10 shows a typical STEM-HAADF image of one of these multisegmented NWs, together with chemical mappings based on STEM-EDS. The multisegmented (Fig. 4Sb-e) indicated that the Co and Cu elements were rather uniformly distributed along the entire wire. These wires grew with a hcp phase and exhibited electron diffraction properties very similar to those of the abovementioned NW systems. Fig. 13 shows SAED patterns of the same Co 73 Cu 27 NW measured at different sample tilt angles to compare with the previous results obtained for a larger diameter and with different alloy composition for the nanowire samples. These patterns can be indexed to the zone axis [001] of a hcp phase; however, the distances of the diffraction spots to the center of the SAED pattern are dependent on the sample tilt angles, exhibiting analogous behavior to those observed in the abovementioned nanowire systems.
Conclusions
Four different cylindrical nanowire systems, grown by standard electrodeposition techniques in the nanometer size channels of porous alumina templates, were investigated using TEM and SAED. These nanowires displayed monocrystalline-like SAED patterns; however, studies performed under different NW orientations revealed electron diffraction properties that indicate that these nanowires are far from perfect single-crystals. Particularly, their SAED patterns obtained in certain specic directions were constituted by well-dened diffraction spots that did not experience apparent changes from one zone axis to another as the NW was tilted in a wide range of tilt angles. Moreover, the distance of the diffraction spots to the center of the diffraction pattern, associated with the interplanar distances, widely varied depending on the sample tilt with respect to a zone axis, showing different trends for different diffraction spots. In addition, SAED patterns of NWs with fcc structures exhibited classically forbidden reections. These features can lead to unrecognizable SAED patterns or to their incorrect indexing and are rather general for NWs electrodeposited into PAAM template nanopores because they were observed in NWs with different compositions, diameters, and crystalline structures. These behaviors have been ascribed to the inclination of the electron beam with respect to the crystallographic direction of the material and the occurrence of stacking faults probably produced by the conned growth of the NWs in a reduced cylindrical volume. The comprehension of these effects is crucial for the entire understanding of the physical properties of 1D low-dimensional materials with cylindrical morphologies and their exploitation in a wide variety of emerging technologies based on these nanostructures.
